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Abstract
Ammonium-nitrate aerosols are expected to becomemore important in the future atmo-
sphere due to the expected increase in nitrate precursor emissions and the decline of
ammonium-sulphate aerosols in wide regions of this planet. The GISS climate model is
used in this study, including atmospheric gas- and aerosol phase chemistry to investi-5
gate current and future (2030, following the SRES A1B emission scenario) atmospheric
compositions. A set of sensitivity experiments was carried out to quantify the individ-
ual impact of emission- and physical climate change on nitrate aerosol formation. We
found that future nitrate aerosol loads depend most strongly on changes that may occur
in the ammonia sources. Furthermore, microphysical processes that lead to aerosol10
mixing play a very important role in sulphate and nitrate aerosol formation. The role
of nitrate aerosols as climate change driver is analyzed and set in perspective to other
aerosol and ozone forcings under pre-industrial, present day and future conditions. In
the near future, year 2030, ammonium nitrate radiative forcing is about –0.14W/m
2
and
contributes roughly 10% of the net aerosol and ozone forcing. The present day nitrate15
and pre-industrial nitrate forcings are –0.11 and –0.05W/m
2
, respectively. The steady
increase of nitrate aerosols since industrialization increases its role as a non green-
house gas forcing agent. However, this impact is still small compared to greenhouse
gas forcings, therefore the main role nitrate will play in the future atmosphere is as an
air pollutant, with annual mean near surface air concentrations rising above 3µg/m
3
in20
China and therefore reaching pollution levels, like sulphate aerosols, in the fine particle
mode.
1 Introduction
Nitrate aerosols are chemically formed in the atmosphere and their main precursor
species are ammonia and nitric acid. Ammonia and nitric oxides, which is a precursor25
of nitric acid, have a long list of anthropogenic and natural sources. The major iden-
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tified sources of ammonia include excreta from domestic and wild animals, synthetic
fertilizers, oceans, biomass burning, crops, human populations and pets, soils, indus-
trial processes and fossil fuels (Bouwman et al., 1997). Typical sources of nitric oxides
are fossil fuel combustion, soils, biomass burning and lightning.
A series of modeling studies (Adams et al., 2001; Metzger et al., 2002a; Liao et al.,5
2003; Rodriguez and Dabdub, 2004; Feng and Penner, 2007) identified nitrate and
ammonium as significant anthropogenic sources of aerosol load and their radiative
effects (Adams et al., 2001; Jacobson, 2001; Liao et al., 2004), but currently most
global aerosol models still exclude ammonium-nitrate when the direct aerosol radiative
forcing is studied (Schulz et al., 2006; Textor et al., 2006; Kinne et al., 2005). Even10
so, global model studies (Adams et al., 2001; Liao et al., 2006; Liao and Seinfeld,
2005) have demonstrated that rapid increases in nitrogen emissions could produce
enough nitrate aerosol to offset the expected decline in sulphate forcing by 2100, for the
extreme IPCC A2 scenario. Furthermore, recent studies indicate that the condensation
of nitric acid on aerosol particles may enhance aerosol activation to cloud droplets by15
contributing soluble material to the particle surface and elevating the water uptake and
growth of aerosol particles (Kulmala et al., 1995, 1998; Goodman et al., 2000). Thus
full consideration of aerosol composition including hygroscopic components like nitrate
and ammonium could be important in the calculation of aerosol indirect forcing.
The formation of nitrate and ammonium aerosol also affects tropospheric chemistry.20
Nitrate and ammonium aerosols provide additional particle surfaces for scattering in-
coming ultraviolet solar radiation (Liao et al., 2003) and will thus perturb photochemi-
cal oxidant production by altering photolysis frequencies. Moreover, nitrate aerosol is
formed through heterogeneous reactions of nitrogen radicals such as N2O5, NO3, and
HNO3 on aerosol surfaces (Dentener et al., 1996; Jacob, 2000; Bauer et al., 2004,25
2006). These heterogeneous chemical processes can alter tropospheric chemistry; for
example the global tropospheric ozone mass can be reduced by 5% through the inter-
actions of gas-phase species with mineral dust aerosols. Meanwhile, insoluble atmo-
spheric mineral dust lifetime and load are reduced as coating by hydrophilic air pollution
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increases its precipitation scavenging (Bauer and Koch, 2005; Bauer et al., 2006). In
order to study the effects of nitrate and ammonium aerosol on radiative processes and
gas-phase chemistry, one must first consider the partitioning of semi-volatile nitrate
and ammonium between the gas and aerosol phases. Many thermodynamic equilib-
rium models have been developed over the past two decades (Bassett and Seinfeld,5
1983; Pilinis and Seinfeld, 1987; Nenes et al., 1998; Jacobson, 1999), and several
gas/aerosol dynamic models (Meng et al., 1998; Sun and Wexler, 1998; Pilinis et al.,
2000). However, the problem with most of these models is that they are extremely
computationally expensive. Since the GISS Genereral Circulation Model (GCM) is de-
signed for long climate applications, computational efficiency is crucial. Therefore, we10
have chosen the efficient gas/aerosol partitioning model (EQSAM: Equilibrium Sim-
plified Aerosol Model). The approach used for EQSAM is based on the relationship
between activity coefficients and relative humidity (Metzger et al., 2002b, 2006). This
relationship allows parameterization of the relevant nonideal solution properties, which
is sufficiently accurate for global modeling (Metzger et al., 2002a). Although EQSAM15
chemistry is parameterized, the thermodynamic framework is based on the same as-
sumptions used by other equilibrium models.
In this study the GISS GCM is employed, including coupled gas and aerosol phase
chemistry modules. A brief summary of nitrate chemistry is given in Sect. 2. The GCM,
the emission scenario and the model set up are described in Sect. 3. Current day20
ammonium-nitrate concentrations to observations are presented in Sect. 4, followed by
a comparison of present day and future ammonium-nitrate and sulphate distributions
in Sect. 5 . The sensitivity studies, regarding the impact of changes in individual emis-
sion sources and physical climate change are presented in Sect. 6. And the radiative
forcing contributions of the single aerosols and ozone under past, present and future25
conditions are shown in Sect. 7. Conclusions are presented in Sect. 8.
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2 Nitrate chemistry
The formation of ammonium nitrate aerosol depends on the thermodynamic state of its
precursor and depends strongly on the environmental conditions. Gaseous ammonia
and nitric acid react in the atmosphere to form aerosol ammonium nitrate, NH4NO3.
NH3(g) + HNO3(g)⇋ NH4NO3(s) (1)5
Ammonium nitrate is formed in areas characterized by high ammonia and nitric acid
conditions and low sulphate conditions. Depending on the ambient relative humid-
ity (RH), ammonium nitrate may exist as a solid or as an aqueous solution of NH
+
4 and
NO
−
3
. Equilibrium concentrations of gaseous NH3 and HNO3, and the resulting concen-
tration of NH4NO3 is calculated by thermodynamical principals, requiring the ambient10
RH and temperature. At low temperatures the equilibrium of the system shifts towards
the aerosol phase. At low RH conditions NH4NO3 is solid, and at RH conditions above
the deliquescence, NH4NO3 will be found in the aqueous state.
NH3(g) + HNO3(g)⇋ NH
+
4
+ NO−
3
(2)
For a given temperature the solution of the equilibrium equation requires the calcu-15
lation of the corresponding molalities. These concentrations depend not only on the
aerosol nitrate and ammonium but also on the amount of water in the aerosol phase.
Therefore calculations of the aerosol solution composition requires estimation of the
aerosol water content. The presence of water allows NH4NO3 to dissolve in the liquid
aerosol particles and increases its aerosol concentration. Ammonium and nitrate will20
exist in the aerosol phase only if there is enough ammonia and nitric acid present to
saturate the gas phase.
Sulfuric Acid plays an important role in nitrate aerosol formation. Sulfuric acid pos-
sesses an extremely low vapor pressure. Furthermore (NH4)2SO4 is the preferred form
of sulphate, so each mole of sulphate will remove 2 moles of ammonia from the gas25
phase.
NH3 + H2SO4(g)⇋ (NH4)HSO4 (3)
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NH3 + (NH4)H2SO4(g)⇋ (NH4)2SO4 (4)
Therefore two regimes are important for nitrate formation: the ammonia-rich and the
ammonia-poor case.
Ammonia-poor: In this case there is insufficient NH3 to neutralize the available sul-
phate. Thus the aerosol phase will be acidic. The vapor pressure of NH3 will be low,5
and the sulphate will tend to drive the nitrate to the gas phase. Since the NH3 partial
pressure will be low, the NH3-HNO3 partial pressure product will also be low so ammo-
nium nitrate levels will be low or zero.
Ammonia-rich: In this case there is excess ammonia, so that the aerosol phase will be
neutralized to a large extent. The ammonia that does not react with sulphate will be10
available to react with nitrate to produce NH4NO3.
Competition between sulphate and nitrate for available ammonia results in rather com-
plicated system behavior. The reduction of sulphate results in partial replacement of
reduced aerosol mass by available nitric acid. The sulphate decrease frees up ammo-
nia to react with nitric acid and to transfer it to the aerosol phase.15
Heterogeneous reactions of gaseous species with coarse aerosol species, like min-
eral dust and sea salt particles, have an important impact on NH4NO3 formation. Once
HNO3 is formed, it is most likely captured by coarse mode sea-salt and dust particles,
leading to a depletion of aerosol nitrate in the fine mode. During the night when ammo-
nia is present in excess, ammonium nitrate can be formed; however, since this salt is20
thermodynamically not stable, it can evaporate during the day whereby the aerosol pre-
cursor gases NH3 and HNO3 are likely to condense on preexisting and larger aerosol
particles (e.g. Wexler and Seinfeld, 1990). As a consequence, some anthropogenic
air pollutants may not (or only during night) be confined to the fine aerosol mode but
rather interact with larger particles which might be of natural origin such as sea salt25
and mineral dust aerosol.
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3 Model description
The Goddard Institute for Space Studies (GISS) general circulation model (GCM) ver-
sion modelE (Schmidt et al., 2006; Hansen et al., 2005) is employed for this study,
with fully interactive tropospheric chemistry and aerosol modules. We use 23 verti-
cal layers (model top in the mesosphere at 0.01mb) and 4
◦
×5
◦
horizontal resolution.5
The tropospheric gas-phase mechanism (Shindell et al., 2003) represents background
HOx-NOx-Ox- CO-CH4 chemistry as well as peroxyacetylnitrates, hydrocarbon fami-
lies, and isoprene based on 32 species and 77 reactions. Methane concentrations are
prescribed according to the used scenario. The thermodynamic gas-aerosol equilib-
rium model (EQSAM2) (Metzger et al., 2002b,a, 2006) is implemented in the climate10
model to simulate ammonium nitrate aerosols. We use the latest version EQSAM2,
to calculate the gas/liquid/ solid partitioning of the H2SO4/HSO
−
4
/SO
2−
4
HNO3 /NO
−
3
-
NH3/NH
+
4 -HCL/CL
−
- Na
+
Ca
2+
- Mg
2+
- K
+
- H2O system. Further aerosol modules
applied in this study include sulphate (Koch et al., 1999; Koch and Hansen, 2005),
carbonaceous aerosols (Koch et al., 2006, 2007a), sea salt (Koch and Hansen, 2005),15
mineral dust (Miller et al., 2006) and heterogeneous sulphate and nitrate production on
mineral dust surfaces (Bauer and Koch, 2005; Bauer et al., 2006, 2004).
The aerosols are approximated as externally mixed for radiative calculations. The ef-
fect of humidity on sulphate, nitrate and OC aerosol sizes substantially increases the
aerosol optical depths (Koch et al., 2006; A. Lacis web data base at http://gacp.giss.20
nasa.gov/data sets/). The fine mode ammonium-sulphate and nitrate particle are as-
sumed to have a log-normal size distribution with an effective radius of 0.2 and 0.3µm,
respectively. The radiative effect of nitrate and sulphate material that is present in the
coarse mode, due to it’s attachment to mineral dust particles, can be assumed neg-
ligible, because the optical properties of the mixed particle are nearly identical to an25
uncoated mineral dust particle (Bauer et al., 2006). The uptake of nitrate or nitric acid
into sea salt particles is not considered in this simulation, but mineral cations that orig-
inate form sea salt and mineral dust (i..e. Na
+
, Ca
2+
, Mg
2+
, K
+
) influence nitrate
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formation (Metzger et al., 2006).
3.1 Emissions
Anthropogenic emissions
For present day conditions, the trace gas emissions are based on the anthropogenic
emissions for 1995 from the Emissions Database for Global Atmospheric Research5
(EDGAR3.2) (Olivier and Berdowski, 2001). The 2030 future scenario is based on the
A1B projection of the IPCC SRES model (Nakicenovic, N. et al., 2000). The A1B sce-
nario features rapid economic growth with a balance between fossil fuel intensive and
renewable energy sources. The EDGAR3.2 and the future projection provide emissions
for carbon-monoxide (CO), Nitrogen Oxides (NOx), non-methane volatile organic com-10
pounds (NMVOC), methane (CH4), sulfur dioxide (SO2) and ammonia (NH3) (Bouw-
man et al., 1997). Black (BC) and organic carbon (OC) emissions for present day
conditions are Bond et al. (2004) with the A1B future from Streets et al. (2004).
Natural emission
The emissions of the natural aerosols, sea salt and mineral dust, as well as dimethyl-15
sulfide (DMS) are calculated interactively in the model, depending on the wind speed
and the surface conditions. In the current simulation 1748Tg mineral dust and 1859
Tg sea salt are emitted under present climate conditions, with negligible change for
future climate conditions. Gaseous emissions of dimethylsulfide (DMS) and isoprene
are parameterized after Koch et al. (2007b) and Guenther et al. (1995). Natural NOx20
emissions from lightning are parameterized as described in Price et al. (1997).
Biomass burning emissions for BC and OC are based on the Global Fire Emissions
Database (GFED) v1 model carbon estimates for the years 1997–2001 (van der Werf
et al., 2001, 2003, 2004), together with the carbonaceous aerosol emission factors
from Andreae and Merlet (2001). Natural OM emissions are assumed to be derived25
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from terpene emissions (Guenther et al., 1995), with a 10% production rate.
3.1.1 Emission distributions
Anthropogenic emission fluxes are expected to be significantly altered within the next
30 years. Projected emission increases for NH3, NOx, SO2, VOCs, CO, and decreases
for BC and OC between the present and 2030 are presented in Table 1 and the5
horizontal distributions are given in Fig. 1. The pattern for each individual precursor
species can look very different, because different activities are associated with individ-
ual sources, for example, transportation, biomass burning, agriculture, etc., which are
expected to evolve differently in different countries. For example ammonia (NH3) emis-
sions and biomass burning emissions have anthropogenic and natural contributions.10
The natural contributions from oceanic, and untreated land sources are assumed to
stay unchanged, whereas emissions related to industry, humans, fertilizers, crops, do-
mestic animals, fossil fuel and bio fuel change between 2000 and 2030. The largest
source of NH3 emissions is associated with livestock husbandry and the agricultural
use of fertilizers. The largest increase in NH3 sources is predicted to occur in India15
and Asia. The only area where small decreases are expected is Northern Europe. A
similar pattern in the predicted change of NOx, SO2 and VOCs can be found in Fig. 1,
because these emissions are mostly associated with energy consumption that can be
split up in sources, like transportation, power plants, residential and biomass burning.
This may lead to a general decrease of emissions in Europe, Japan, Australia and20
most of North America, except Mexico. Largest increases are expected for India, Asia,
Coastal Africa and South and Middle America. The carbonaceous emissions, black
and organic carbon also may shift. Technology implementation and fuel switching may
lead to less carbonaceous emissions in the United States of America, Europe, India
and Asia (Streets et al., 2004). Reduced biomass burning may lead to less emissions25
in Sub-Sahara Africa.
Table 1 gives the global annual emission fluxes for the years 2000 and 2030 and
the percentage change between those years. Although there are large decreases in
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current industrial countries, the annual trace gas emissions are expected to increase
globally (see Table 1) for all non-carbonaceous species. The largest percent increase is
assumed to be NOx emissions, which increase by 79% in our inventory. Carbonaceous
emissions are the only emissions that are expected to decrease globally.
3.2 Model experimental setup5
The model simulation duration is 6 years and the average over the last 5 years are
presented in this paper. Present day and future climate conditions are driven by sea
surface temperature and sea ice conditions from a transient model run using the cou-
pled atmosphere-ocean mode Russell et al. (2000). That simulation assumes an 0.5%
increase of CO2 concentrations and leads to an increase in global mean sea surface10
temperature of 0.78
◦
C and to a slightly more humid environment. The model configu-
ration in this study, except for the part involving ammonium-nitrate aerosols, is similar
as in Unger et al. (2006), where the physical climate change is discussed in greater
detail.
Two experiments are carried out under current climate conditions: A baseline exper-15
iment (CTR-00) using current emission levels and an experiment using current climate
but future emissions (E30-00). In order to understand future nitrate concentrations, a
series of sensitivity studies is carried out where either the climate or only one emission
species is altered. Several experiments are run for future climate conditions: A base-
line experiment, using the appropriate future emissions (CTR-30), three experiments20
where one of the following emissions, SO2 (SO2-00), NOx (NOx-00) or NH3 (NH3-00)
was set respectively to its 2000 values, and one experiment where no heterogeneous
interactions on mineral dust surfaces took place (HET-30).
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4 Current aerosol evalulation
Evaluating a coarse GCM simulation of ammonium-nitrate aerosols with observations
is a fairly difficult task, because the complex chemistry and the short lifetime of nitrate
aerosols can lead to large gradients in concentrations in small areas, that cannot be
represented within a coarse resolution model, where one single grid box covers the do-5
main of 400×500 km. Nevertheless, to demonstrate that our model is able to represent
the general characteristics of present day ammonium-nitrate concentrations, the follow-
ing data sets are used for evaluation: Surface measurements of the European EMEP,
the North American IMPROVE and the global Prospero (Prospero, 1995) network, and
vertical profiles from various measurement campaigns around the world, carried out10
between 1994 until 2004.
Figure 2 presents the models annual mean surface ammonium-nitrate mass overlaid
by the observations from the EMEP and IMPROVE networks and from D. Savoie and
J. Prospero (personal communication, November 1999). It is clearly visible, that the
model underestimates nitrate especially in the remote areas when heterogeneous dust15
chemistry is not included in the model simulation. Overall the simulation matches the
observations on the global scale, but the model underestimates the observations in
certain regions. Unfortunately, we only had two surface observations off the coast of
China available, to evaluate East Asian air pollution. The model shows a pollution
plume over North East China, but much smaller concentrations downwind of this area,20
therefore we conclude that the entire East Asian nitrate mass is underestimated in
the model. This conclusion is confirmed by the comparison with aircraft data (see
Fig. 5) from the ACE ASIA (Huebert et al., 2003) measurement campaign, where the
model underestimates the observed values by an order of magnitude in the planetary
boundary layer. These very large differences between measurement and simulations25
can only be explained by dramatic underestimation of the emission data in East Asia.
Similar results were seen by a multi-model comparison to CO observations (Shindell
et al., 2006). Hence we suggest that there may be a general bias in Asian emissions
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spanning over multiple species.
A much smaller difference of about 0.2µg/m
3
appears over the South Pacific. We
speculate that in this region, surface reactions between nitrate and sea salt particles
are of importance, a reaction that is missing in this model run. The dense European
network shows large gradients in nitrate mass that the model has difficulties to repre-5
sent, but overall the model represents European nitrate mass very well, except some
high pollution measurements that exceed 1.5µg/m
3
on an annual average.
Figures 4 and 3 show the annual cycle of measured and observed nitrate mass. The
tendency to underestimate North American nitrate mass, as seen in Fig. 2 seems to be
caused in the winter. The model shows at several European stations too high nitrate10
concentrations in the winter month, caused by corse mode nitrate. Possibly, too much
Saharan dust is transported in the model to Europe in that season.
Figure 5 presents aircraft campaign data, compared to the model average for the
month the campaign took place. Overall the model follows nicely the vertical distri-
bution of nitrate in the atmosphere. Including heterogeneous dust chemistry improves15
the performance of the model, although it leads occasionally to overprediction of nitrate
between 3–8 km height. It is interesting to note how strongly nitrate aerosols are ef-
fected by these heterogeneous reactions, especially in the regions of the PEM tropics
campaign (South Pacific) and ACE ASIA (East Asia).
5 Current and future atmospheric composition20
Future nitrate aerosol concentrations are influenced by climate and emission changes.
The climate change due to CO2 increases as simulated in the GISS model between
the years 2000 and 2030 is described in detail by Unger et al. (2006), who worked
with the same model version as employed in this study. In summary, the 2030
atmosphere is warmer and more humid, with an increase of 0.78
◦
C in global annual25
mean surface air temperature. A large surface air temperature warming exceeding 2
◦
C
occurs over the South and North Polar regions, central North America and central Asia.
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5.1 Atmospheric composition
As discussed in Sect. 2 sulfuric acid competes with nitrate for ammonia. Therefore
we discuss the change in future sulphate first before referring to nitrate. Figure 6
shows maps of the difference between 2000 and 2030 in near surface concentrations.5
The changes in near surface SO2 concentrations follow closely the changes in SO2
emissions (see Fig. 1), and carry forward into the changes seen in the near surface
ammonium and sulphate distributions. Sulphate concentrations decrease in Europe
and the United States and increase elsewhere. The changes between 2000 and 2030
in column burden of fine mode sulphate and sulphate that has formed on dust surfaces10
(see Fig. 8) shows a similar pattern as presented for the near surface concentrations.
The global mean fine mode sulphate burden increases from 0.34 to 0.47 [Tg S yr
−1
],
between 2000 and 2030 and sulphate on dust from 0.22 to 0.27 [Tg S yr
−1
] (see Ta-
ble 2). This will lead to an overall increase of 24% in total sulphate mass present in the
atmosphere.15
The changes in near surface concentrations (Fig. 6) of ambient NOx and nitric acid,
reflect the changes in NOx emissions (Fig. 1). The changes in ambient near sur-
face ammonia concentrations are more complex. Increased NH3 in China and India,
and smaller increases in Europe, USA and Australia, colocate with the changes in its
emissions. However NH3 decreases, occurring in Arabia, Central and East Africa and20
South America, collocate with increased SO2 emissions, which in turn leads to en-
hanced sulphate formation, whereby more ammonia is removed from the ambient air.
The changes in the near surface nitrate aerosol concentrations generally reflect the
discussed changes in ambient ammonia and NOy concentrations. This causes a large
increase in near surface nitrate aerosols in China of 3µg m
−3
, a moderate increase of25
1 µg m
−3
in Europe and India, and a slight decrease in Central U.S. The atmospheric
load of fine mode nitrate aerosols has similar horizontal distributions in 2000 and 2030,
although the concentrations in the already most polluted regions increase even more.
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The most dramatic increase in the column burden of nitrate aerosols is projected to
take place in East China. The global mean load of fine mode nitrate increases from
0.11 to 0.14 [Tg N yr
−1
], and the mass of nitrate that is attached on mineral dust from
0.41 to 0.53 [Tg N yr
−1
]. Overall this would be an increase of 22% of nitrate material in
our atmosphere within a time period of 30 years.5
6 Sensitivity studies
A series of sensitivity studies are carried out, as described in Sect. 3. The results
are summarized in Fig. 9 where the percentage changes in tropospheric burdens of
SO2, HNO3, NOx, PAN (peroxyacytyl nitrate), tropospheric ozone, NH3 and NH4, pure
sulphate, pure nitrate, dust, sulphate on dust (named SO4 D), nitrate on dust (NO3 D),10
total nitrate (NO3 T) and total sulphate (SO4 T), are displayed compared to the base
experiment CTR-30.
Present day simulation (CTR-00): Here we compare the two base-line experiments
for the years 2000 and 2030. These are the same two experiments as already de-
scribed in detail in Sect. 5. Generally, all trace gas and aerosol burdens show smaller15
amounts under present day condition compared to the future. However, the percentage
change in airborne NOx and ozone are rather small and near surface ozone concen-
trations are reduced by 10%. The only tracer with larger amount is mineral dust. This
is because our simulated dust solubility depends on pollution coating on its surface.
In a less polluted atmosphere, solubility will be smaller and therefore the overall dust20
burden larger. Changes in ammonium, sulphate and nitrate are substantial, between
20–30%.
Future emissions, present day climate (CLIM): In this experiment the model was run
under physical climate conditions of the year 2000 but using the anthropogenic gas
and aerosol emissions for the year 2030. In comparison to all the other sensitivity ex-25
periments, this case shows the lowest impact on the atmospheric composition. The
global mean nitrate aerosol burden is increased by 6% compared to the CTR-2030 ex-
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periment. This is caused by a slight increase in ammonium oxidation, due to enhanced
OH as humidity is increased. However, the overall signal is small and the largest per-
centage change is seen in nitrate aerosol concentrations, which especially increase in
Europe, North America and China.
Future simulation with 2000 SO2 emissions (SO2): In this experiment the future5
climate, 2030, was simulated as in the CTR-30 experiment, but the SO2 emissions
of the year 2000 are used, instead of its future projection. This experiment has a
large impact on sulphate formation. Sulphates get reduced by roughly 30%, which
leads to an overall increase in nitrate aerosol of about 8%, because relatively smaller
sulphate concentrations leads to favorable reaction of ammonia with nitric acid to form10
ammonium nitrate instead of reaction with sulphate.
Future simulation with 2000 NOx emissions (NOx): Here the future was simulated
but with the NOx emissions fixed to present day emission levels. The year 2000 NOx
emissions are 33% smaller than the predicted NOx emissions of the year 2030. Em-
ploying the lower NOx emissions in this sensitivity test leads consequently to smaller15
ambient NOx (–2%), HNO3 (–3%), N2O5 (–8%) and PAN (–9%) concentrations. Near
surface ozone concentration is decreased by –5%, but the overall ozone burden is just
slightly reduced, as most of the ozone mass is located in the upper troposphere. The
overall impact on fine mode nitrate aerosol is a decrease of about 7% of its burden,
and the nitrate material that is internally mixed with mineral dust particles is reduced20
by 23%. Most likely the reduced amount of nitrogen containing gases, especially the
reduced ambient concentrations of nitric acid over the Sahara and the Arabian and Chi-
nese deserts (which reflects the NOx emission changes as displayed in Fig. 1), leads
to this strong effect on the development of nitrate coatings on mineral dust particles.
However, the formation of sulphate coatings is enhanced in this simulation, which might25
be caused by more free reactive mineral dust surfaces, due to the reduced amount of
nitrate coatings. More sulphate coating, in turn leads to more oxidation of SO2 and
reduced concentrations of externally mixed ammonium-sulphate.
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Future simulation with 2000 NH3 emissions (NH3): This time the future was simu-
lated but neglecting the expected changes in ammonia emissions. Ammonia emissions
have hardly any impact on the sulphate and the ozone cycle, but impact significantly
nitrate production. Less NH3 emissions leads logically to less ambient NH3, NH4 and
consequently to less ammonium-nitrate aerosol, which is reduced by 30% relative to5
the CTR-30.
Excluding heterogeneous reactions on mineral dust surfaces (HET): All simulations,
baseline experiments and the other sensitivity experiments, include the heterogeneous
formation of nitrate and sulphate coatings on mineral dust surfaces. This reaction path-
way impacts the formation of ammonium-sulfate and ammonium-nitrate aerosols, as10
well as the solubility of mineral dust (Bauer et al., 2006; Bauer and Koch, 2005; Bauer
et al., 2004). In the sensitivity experiment HET no such heterogeneous reactions took
place. The experiment emissions and physical climate are identical to the baseline
experiment CTR-30. Neglecting the oxidation of SO2 on dust, leads to larger ambient
SO2 (40%), ammonium-sulphate (45%) and mineral dust (25%) burden. Nitric acid is15
an important precursor gas for nitrate formation but also reacts with the mineral dust
surfaces. Globally it is increased by 10% between CTR-30 and HET, but locally in
the Northern African and Arabic regions the increase is much larger (up to 60% over
India). Therefore the induced amounts of nitric acid in HET simulation would lead to
increased ammonium nitrate aerosol formation. However, externally mixed ammonium20
nitrate mass is reduced in HET, especially in the Northern Hemisphere background
atmosphere. This is caused by increased externally mixed sulphate concentrations in
HET. Sulphate can be neutralized by ammonia, the residual amount of ammonia might
neutralize nitric acid to form ammonium nitrate. In HET the higher sulphate concen-
tration leads to less free ammonia (–30%) and therefore a reduced nitrate production.25
This phenomenon was already discussed in Bauer et al. (2006) for current climate
conditions. Due to the increase of SO2 and NOx sources (see Fig. 1) at the coasts of
Africa, China and the Arabian region, in direct vicinity of desert regions, this effect is
much more pronounced in the more polluted, future atmosphere.
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7 Radiative forcings
The global mean top of the atmosphere instantaneous radiative forcing (hereafter RF)
is shown in Fig. 10 for ozone and for sulphate, nitrate, black and organic carbon and
dust as a result of their individual contribution as external mixtures. The impact of
sulphate and nitrate coatings on the optical properties of the coated dust particles is5
negligible as usually the shell thickness of the coating nitrate or sulphate material is
too thin to significantly change the optical properties of the core dust particle (Bauer
et al., 2006). RF are calculated as the sum of the individual short wave and long
wave contributions, however only ozone and mineral dust have significant forcing in the
long-wave spectrum. Figure 10 shows maps of the forcings for the year 2000 and the10
changes between 2030 and 2000.
Ammonium-nitrate aerosols, like sulphate, have a single scattering albedo close to
unity and therefore mainly scatter solar radiation, which leads to a cooling of the atmo-
sphere. Nitrate aerosols lead to forcing signals in areas of high nitrate burden. This
forcing is enhanced for large RH as the particles take up water. Figure 10 shows that15
Ammonium-nitrate has a stronger negative forcing signal in the Northern Hemisphere,
with local maximum values over China and Europe of up to –1W/m
2
. Further increase
of the negative forcing is predicted to happen in the next 30 years. All changes ap-
pear in the Northern Hemisphere, with again largest contributions over Europe and
Asia. Locally the radiative forcing due to nitrate aerosols will be of the order of –4W/m
2
20
over China. Sulphate aerosol predicted changes for the next 30 years show an in-
crease in the tropical regions, especially over India (locally up to –3W/m
2
). Due to
SO2 emission reductions in the United States and Europe, sulphate forcing decreases
in these regions. The future emission scenario we employed in this simulation pre-
dicts strong reductions in carbonaceous aerosols (Koch et al., 2007b), which leads to25
a reduction in absorbing black and scattering organic carbon. The positive radiative
forcing of black carbon gets reduced mostly all over the Northern Hemisphere and the
African biomass burning region. The reduction in organic carbon leads to a reduced
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negative forcing. The forcing signal of ozone is more homogeneous because of its
longer lifetime, and the increase of the global ozone concentration leads to a positive
forcing. Ozone RF increases by 0.03W/m
2
in the short wave length and 0.1W/m
2
in
the long wave length. The changes we see in the mineral dust RF signal is mainly
caused by solubility changes of the dust particles. In these simulations pure dust is5
assumed to be insoluble and nitrate or sulphate coatings influence its solubility, which
leads to more wet deposition of dust in a more nitrate- and sulphate-polluted future
atmosphere. Mineral dust scatters and absorbs solar radiation. Scattering dominates
in the short wave spectra and therefore mineral dust changes have a negative short-
wave RF of –0.08W/m
2
, which is partly counterbalanced by its long wave contribution10
of 0.04 for RF.
The last map in Fig. 10 shows the net aerosol and ozone forcing. The overall change
in RF has a negative sign, with strongest negative RFs over India and China. In these
regions, the predicted sulphate and nitrate increases and black carbon decreases, all
contribute to this large negative forcing. Overall negative RF changes dominate over15
land whereas the RF change is positive over oceans (mostly caused by the contribution
of ozone RF), except the North Pacific where the Asian pollution plume contributes to a
negative forcing. In the Arctic the forcing between present-day and PI is positive (Koch
et al., 2007b), however it is projected to decline in the future (Koch et al., 2007a).
The magnitude of the global mean aerosol and ozone top of the atmosphere RFs20
are given in Table 3 for pre-industrial conditions (e.g. 1750), present day (year 2000)
and the near future (2030). The pre-industrial numbers are derived from a run where
all anthropogenic emissions where excluded. The run is discussed in detail in Bauer
et al. (2006).
Before industrialization began, ozone and aerosols mostly contribute to cooling of25
this planet, and the largest contribution came from the ozone molecules. According to
our simulation, under present day conditions sulphate particles play the leading role in
cooling the atmosphere and this role will be even more pronounced in the near future.
Nitrate aerosol plays a smaller role, but it’s contribution has nearly tripled since pre-
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industrial times. In the near future nitrate will have a RF that is comparable to the RF
of organic carbon.
8 Conclusions
The GISS climate model is used to study the role of nitrate aerosols in the changing
atmosphere. Future emission projection along the SRES A1B scenario were used to5
simulate the year 2030. This paper concentrates on the year 2030, the near future,
because emission prediction are highly uncertain and uncertainty increases with pro-
jection length.
The evaluation of the present day nitrate concentration is difficult, because of the lim-
ited number of observational data and the coarse nature of our model. Surface obser-10
vations are available from the IMPROVE, EMEP and Prospero networks, and vertical
profiles from various aircraft campaigns from around the world. The overall agreement
between model and data sets is good, but the model tends to underestimates nitrate
mass by an order of magnitude in East Asia. We conclude that the ammonia emission
(Bouwman et al., 1997) inventory has to be updated in that region. The comparison15
at remote stations showed the importance of the formation of nitrate on mineral dust
particles, because when only comparing the simulated fine mode fraction the measure-
ments highly underestimate at the remote sites. Unfortunately, the measurement are
bulk mass observations and don’t contain information on which mixing state the nitrate
was observed.20
Fine mode aerosol particles are dangerous air pollutants that have the ability to travel
deep into the lungs and lead to serious health problems. The near surface concentra-
tions of fine mode sulphate and nitrate particles show in our present day simulation
maximum concentrations of about 1.5µg/m
3
in the most polluted areas like East China
and Europe. In the year 2030 simulation, the fine sulphate and nitrate concentration25
climb as high as 4µg/m
3
in sulphate and 3µg/m
3
in nitrate concentrations. As nitrate
pollution was already strongly underestimated in the present day simulation, we as-
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sume that the future numbers are underestimated as well. Note that these numbers
reflect annual mean concentrations, and actual seasonal and daily maximum concen-
trations will reach much higher concentration levels.
Future nitrate concentrations result from changes in the physical and chemical state
of the future atmosphere. To be able to understand which of the expected changes5
are most important for ammonium-nitrate formation, we performed a series of sensi-
tivity studies where one of the future predicted changes were kept at its current day
conditions. Through these experiments we learned that the physical climate change,
e.g. temperature and humidity rise, have only a very small impact on future nitrate con-
centrations. Studying the impact of single emitted gas precursors showed that future10
nitrate depends most strongly on the emission strength of ammonia. Other changes in
emitted gases like NOx and SO2, only play a minor role. In one of the sensitivity ex-
periments the heterogeneous reactions involving mineral dust particles are neglected.
That experiment had a very strong impact on future nitrate concentration. And even
beyond nitrate, this sensitivity experiment changed dramatically the concentrations of15
SO2, sulphate, N2O5, NH4, NH3 and dust. In our simulation most of the aerosols are
treated as external mixtures, only nitrate and sulphates can mix with mineral dust,
therefore this is only one step towards the representation of truly internally mixed and
coated aerosol particles. Nevertheless it is interesting to see how important the con-
sideration of mixtures might be, especially for species like sulphates and nitrates that20
mainly form in the atmosphere out of precursor gases. These precursors are very
likely to condense on existing particles in the atmosphere and therefore are likely to
exist as internal mixtures, especially if the particles have been airborne and aged for
some time and were released or produced in areas where a mix of particles is already
present in the air. For example in China, where urban pollution frequently mixes with25
dust particles.
Future emission inventories predict a large increase of pollution precursors around
the Northern coasts of Africa and throughout Arabia. This pollution is very likely to mix
with desert dust, as it’s sources are very close to the desert regions, therefore internal
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mixing between aerosol species might be getting even more pronounced in the future
atmosphere.
In summary, we conclude from our sensitivity studies, that for understanding future
ammonium-nitrate concentrations it is important to have good estimates of ammonia
emissions and to have measurement data regarding the mixing state of aerosols.5
In addition to the role aerosols play as dangerous air pollutants, they also interact
with the climate system by interacting with the Earths radiation budget and cloud micro-
physics. The latter point is not studied in this paper and possibly might have a greater
impact on the Earth climate than direct radiative forcing. However, in our study we
find for present day conditions a direct nitrate radiative forcing of –0.11Wm
−2
which10
lies in between the forcings calculated in other studies: –0.19 Adams et al. (2001), –
0.16 Liao and Seinfeld (2005); Liao et al. (2006), –0.04 Jacobson (2001), –0.02 Myhre
et al. (2006). Note that the studies estimating the smallest nitrate radiative forcings
considered aerosol mixing. Myhre et al. (2006) who only considered nitrate and sea
salt mixing found that the inclusion on sea salt and nitrate particle mixtures reduced15
the aerosol optical thickness by 25%. Jacobson (2001) placed 90% of his nitrate in
the coarse mode, based on observational data. In a recent and more detailed study
of aerosol thermodynamics Martin et al. (2004) found that burden and radiative forc-
ing of nitrate was about 10–15% those of sulphate. Martin et al. (2004) also take
into account formation of solids. They find that the combined radiative forcing of the ni-20
trate/ammonia/sulphate aerosol changed by approximately 25% depending on whether
the upper side or the lower side of the hysteresis loop controlling water uptake of the
aerosol was used. None of these studies predicted aerosol concentrations for the year
2030, but Liao and Admas calculated the RF for the year 2100 under the SRES A2
scenario, of –0.95 and –1.28W/m
2
.25
Compared to other aerosol forcings, in this paper nitrate RF has the same order
of magnitude as organic carbon, and roughly a quarter of the magnitude of that of
sulphate aerosols. These relations seem to be conserved in our simulations during
present day, pre-industrial and A1B 2030 conditions. Analyzing the changes between
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the different eras, pre-industrial and present-day and 2030, we find that the total change
in aerosol and tropospheric ozone forcing changes from 0.25Wm
−2
(1750–2000) to
a negative forcing of –0.04Wm
−2
. These changes are mainly caused by the large
reduction in carbonaceous emissions in the near future. In relation to the dramatic
changes in black and organic carbon, nitrate RF increase is rather small. It is expected5
to increase by 0.03Wm
−2
in the next 30 years, compared to an increase of 0.06 in the
last 250 years.
The role of aerosols in climate change is very complex, due to the absorbing and
scattering nature of different aerosols which leads to negative and positive contribu-
tions that partly cancel out each other. Future emission scenarios that take into ac-10
count emission reductions, for example like the reduced carbonaceous emission in
the SRES A1B, will lead to an even smaller contribution of aerosol forcing in the fu-
ture. In contrast we have the steadily increasing long lived greenhouse gas (LLGHG)
emissions, like carbon dioxide, methane, nitrogen oxide and CFCs, that are most likely
steadily increasing. At present day the LLGHG contribute 2.6Wm
−2
to the warming15
of our planet and are expected to rise up to 3.9Wm
−2
by the year 2030 (Intergovern-
mental Panel on Climate Change , 1994). The combined aerosol (excluding sea salt
aerosols) and ozone RF is –1.37Wm
−2
under current climate and –1.41W/m
2
for the
year 2030.
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Table 1. Anthropogenic and natural trace gas emissions.
2000 2030 ∆ [%]
NOx[Tg N/yr]
natural 16.3 16.5 +1
anthropogenic 29.9 53.5 +79
NH3 [TgN/yr]
natural 14.4 14.4 –
anthropogenic 39.7 58.1 +46
SO2 [Tg S/yr]
natural 11.8 11.9 +1
anthropogenic 72.1 96.0 +33
CO [Tg/yr]
846.0 1031.5 +22
CH4 [Tg/yr]
580.5 807.5 +39
BC [Tg/yr]
industrial 4.5 3.6 –19
biomass 3.7 3.4 –9
OC [Tg/yr]
industrial 11.4 7.3 –36
biomass 30.6 27.8 –9
terpene 16.6 16.6 –
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Table 2. Annual mean aerosol and trace gas burden.
SO2 SO4 SO4(dust) NOx HNO3 NH3 NH4 NO3 NO3(dust)
[Tg S yr
−1
] [Tg N yr
−1
]
1990
Control CTR-00 0.48 0.34 0.22 0.53 3.88 0.17 0.27 0.11 0.41
2030
Control CTR-30 0.51 0.47 0.27 0.53 3.97 0.19 0.38 0.14 0.53
2000 Climate E30-00 0.49 0.48 0.28 0.54 3.99 0.18 0.41 0.15 0.56
2000 NH3 NH3-30 0.51 0.47 0.27 0.53 3.98 0.13 0.35 0.10 0.56
2000 SO2 SO2-30 0.48 0.34 0.20 0.53 3.95 0.22 0.32 0.15 0.53
2000 NOx NOx-30 0.53 0.42 0.30 0.52 3.86 0.21 0.36 0.13 0.52
Dust Surface Reac. HET-30 0.72 0.68 – 0.53 4.41 0.13 0.47 0.11 –
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Table 3. Radiative forcings in different eras [W/m
2
].
1750 2000 2030 ∆2000–1750 ∆2030–2000
Sulphate –0.26 –0.45 –0.62 –0.19 –0.17
Nitrate –0.05 –0.11 –0.14 –0.06 –0.03
Black carbon +0.04 +0.33 +0.28 +0.29 –0.05
Organic carbon –0.04 –0.17 –0.14 –0.13 +0.03
Ozone –0.67 –0.40 –0.27 +0.27 +0.13
Dust –0.60 –0.57 –0.52 +0.03 +0.05
All –1.62 –1.37 –1.41 +0.25 –0.04
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 NH3 [2000] NH3 [2030−2000] NOx [2000] NOx [2030−2000]
SO2 [2000] SO2 [2030−2000] VOC [2000] VOC [2030−2000]
BC [2000] BC [2030−2000] OC [2000] OC [2030−2000]
0.0 0.2 0.4 0.6 0.8 1.0 1.5 3.0 −5.0 −2.0 −0.5 −0.1 0.0 0.2 1.0 0.0 0.2 0.4 0.6 0.8 1.0 1.5 3.0 −5.0 −2.0 −0.5 −0.1 0.0 0.2 1.0
Fig. 1. Annual mean emission flux [g/m
2
/yr] for the year 2000 and the difference between the
year 2030 and 2000, of NH3, NOx, SO2, VOC, black carbon, and organic carbon.
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0.0 0.2 0.3 0.4 0.6 0.7 0.9 1.0 1.2 1.4
Fig. 2. Annual mean surface concentrations of ammonium-nitrate. The filled circles show
measurements as observed by the EMEP, IMPROVE and the Prospero network. The upper
panel shows fine mode nitrate aerosol, the middle panel fine and coarse mode nitrate, and the
lower panel shows fine and coarse mode nitrate, but excluding the observations. Units are in
[µg m
−3
].
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Fig. 3. Monthly mean ammonium-nitrate concentrations (red line), modelled fine mode nitrate
only (dashed line) and observations from the EMEP network (black dashed line), shown for a
selection of representative stations. Values are shown for the year 2000 in [µg m
−3
].
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Fig. 4. Monthly mean ammonium-nitrate concentrations (red line), modelled fine mode nitrate
only (dashed line) and observations from the IMPROVE network (black dashed line), shown for
a selection of representative IMPROVE stations. Values are shown for the year 2000 in [µg
m
−3
].
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Fig. 5. Vertical profiles of ammonium-nitrate concentrations in [ppt
v
] as observed during vari-
ous field campaigns by the DC8 air plane (black line), compared to the models total (fine and
coarse mode) ammonium-nitrate (red line) and its fine mode fraction (black dotted line) only.
The title shows the name and the year or the campaign, and the subtitle the month. INTEX-
A covers Eastern U.S. (Singh et al., 2006), TRACE-P the North Hemispheric Western Pacific
(Jacob et al., 2003), PEM-WEST-B the Western Pacific (Hoell et al., 1997), PEM-Tropics the
Southern Pacific (Raper et al., 2001) and ACE-ASIA East Asia and the Northern Pacific (Hue-
bert et al., 2003). The model date are interpolated to the flight tracks and then the monthly
mean vertical profiles are calculated. 5588
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 2030−2000: Sulfate  2030−2000: SO2
 2030−2000: NOx  2030−2000: HNO3
 2030−2000: NH4  2030−2000: NH3
−1.0 −0.5 −0.3 −0.2 −0.2 −0.1 −0.1 −0.0 0.0 0.1 0.1 0.2 0.3 0.5
 2030−2000: Nitrate
Fig. 6. Difference between the years 2030 and 2000 in near surface concentrations, in [µg/m
3
],
of SO2, NOx, HNO3, NH4, NH3 and fine mode nitrate.
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 Sulphate Surface Conc. in 2000  Sulphate Surface Conc. in 2030
0.00 0.02 0.04 0.10 0.30 0.50 0.70 0.90 1.20 2.00
 Nitrate Surface Conc. in 2000  Nitrate Surface Conc. in 2030
Fig. 7. Annual mean near surface concentrations of fine mode sulphate (upper panel) aerosols
and nitrate (lower panel) for the year 2000, and 2030. Units are in [µg/m
3
].
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Fig. 8. Annual mean total column load for sulphate and nitrate aerosols of the year 2000, and
the differences between 2030–2000. The first two maps show the externally mixed (EM), fine
mode, sulphate contribution and the following two maps the coarse mode sulphate mass that
is mixed with mineral dust. The second row shows the same maps but for ammonium-nitrate
aerosol. Units are [mg/m
2
].
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Fig. 9. Percentage change in gas and aerosol burdens of the CTR-00, E30-00 (CLIM), SO2-
00, NOx-00, NH3-00 and HET-30 experiment, compared to CTR-30. The global annual mean
percentage changes are presented for gaseous: SO2, HNO3, NOx, PAN (peroxyacytyl nitrate),
tropospheric ozone, NH3 and NH4; and aerosols: fine mode sulphate, coarse mode sulphate
(SO4 D), total sulphate (SO4 T), fine mode nitrate (NO3), coarse mode nitrate (NO3 D), total
nitrate (NO3 T) and mineral dust.
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 SO4 [2000] SO4 [2030−2000] O3 [2000] O3 [2030−2000]
NO3 [2000] NO3 [2030−2000] DU [2000] DU [2030−2000]
BC [2000] BC [2030−2000] ALL [2000] ALL [2030−2000]
OC [2000] OC [2030−2000]
−3.0 −2.0 −1.0 −0.1 0.1 0.5 1.5 −3.0 −2.0 −1.0 −0.1 0.1 0.5 1.5 −3.0 −2.0 −1.0 −0.1 0.1 0.5 1.5 −3.0 −2.0 −1.0 −0.1 0.1 0.5 1.5
Fig. 10. Top of the atmosphere radiative forcings [W/m
2
] of each individual aerosol species
(fine mode sulphate (SO4) and nitrate (NO3), black (BC) and organic (OC) carbon, mineral
dust (DU) and ozone (O3). The maps entitled “ALL” shows the sum of all aerosols and gases,
the net forcing. The forcings are shown for the year 2000 and the differences between 2030
and 2000.
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